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1

PRODUCTION OF
VINYLIDENE-TERMINATED POLYOLEFINS

VIA QUENCHING WITH MONOSULFIDES

1. FIELD

Provided herein are methods for preparing vinylidene-ter-
minated polyolefins.

2. BACKGROUND

Vinylidene terminated polyolefins, such as polyisobuty-
lene (PIB), are useful precursors for the preparation of poly-
mers contaimng functional end groups. Vinylidene end
groups may be transformed 1nto other specific functional end
groups. Polymers containing specific end groups have several
usetul purposes. For example, PIB-based succinimide dis-
persants are usetul additives for engine lubricants, and poly-
1sobutylene amines are usetul as fuel additives. The vinylin-
dene 1somer 1s the most reactive i1somer towards many
reactions selected to transform the polyolefin chain end.
Thus, there 1s a need for methods of selectively or exclusively
producing vinylidene terminated polyolefins.

In recent years, considerable research has been conducted
in the field of quasiliving cationic polymerization (QLCP) of
olefins. Quasiliving polymerizations proceed with minimal
chain transier while 1rreversible termination 1s practically
absent. Therefore, QLCP yields polymers with well defined
architectures and narrow molecular weight distributions.
Another advantage of QLCP 1s that 1t offers the potential for
in situ functionalization of the polymer chain ends and block
copolymer synthesis. In situ functionalization provides mate-
rials which are amenable towards further post-polymeriza-
tion reactions.

Research mvolving 1n situ functionalization of QLCP has
yielded a variety of end groups. However, successiul produc-
tion of the vinylidene terminus has been achieved 1n a limited
number of cases. Kennedy et al. disclosed the use of allyltri-
methylsilane as a quenching agent to cap PIB with an allyl
group (J. Poly. Sc1. A: Poly. Chem., 25,3235, 1987). Mayer et
al. 1llustrated a similar reaction through the use of 2-methal-
lyltrimethylsilane to yield the exo olefin product (Macromol-
ecules, 29, 6104, 1996). However, both of these synthetic
routes utilize rather expensive reagents which are consumed
in the reaction with PIB during the quenching step.

Recent work by Stokes etal., in US Patent Publication Nos.
2006/0041083 and 2006/0041084, describes the 1n situ con-
version of quasiliving, tertiary chloride PIB chain ends to
vinylidene via the use of certain nitrogen-containing quench-
Ing agents.

A need exists 1n the art to develop new 1n situ processes for
producing vinylidene terminated polyolefins which offer the
potential recovery of key reagents 1n the quenching process.
Recycling of quenching agents could lead to reduced cost.

3. SUMMARY

In one embodiment, provided herein are methods for pre-
paring a vinylidene terminated polyolefin comprising:

a. 1on1zing a polyolefin 1n the presence of a Lewis acid to
form an 10oni1zed polyolefin;

b. reacting the 1onized polyolefin from step (a) with one or
more dihydrocarbylmonosulfides; and

c. reacting the product of step (b) with one or more proton
acceptor compounds.
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2

In some embodiments, the dihydrocarbylmonosulfide has
the formula:

R,

S—R,

wherein R, and R, are each, independently, hydrocarbyl.
In some embodiments, the method is represented by the

following scheme:

1) R—S—R,

2) proton acceptor
ionized polyolefin )P P -

Polyolefin R3

wherein R, and R, are each, independently, hydrocarbyl; and
R, 1s hydrogen or hydrocarbyl, such as methyl.
In some embodiments, the vinylidene terminated polyole-
fin formed 1s at least 94 percent by mole of all products.
Without being limited to any theory, 1n some embodiments,
the methods described herein appear to proceed by the path-
way shown 1n the following scheme:

S/ ® proton acceptor
-
PIB \  M,Yp
Ry
PIB/\< + Ri—S—R;

wherein R, and R, are each, independently, hydrocarbyl; M 1s
a metal, transition metal, or metalloid;Y 1s ahalide; and A and
B are each, independently, an integer from 1 to 20.

4. DETAILED DESCRIPTION

4.1 Definitions

Unless defined otherwise, all technical and scientific terms
used herein have the same meaning as 1s commonly under-
stood by one of ordinary skill 1n the art. In the event that there
are a plurality of defimitions for a term used herein, the defi-
nitions provided in this section prevail unless stated other-
wise.

As used herein, “alcohol” refers to a compound of formula:

R—OH

wherein R 1s aliphatic hydrocarbyl, such as alkyl, which may
be substituted, for example, with an aromatic moiety, such as
aralkyl.

As used herein, “alkyl” refers to a carbon chain or group
containing from 1 to 20 carbons, or 1 to 16 carbons. Such
chains or groups may be straight or branched. Exemplary
alkyl groups herein include, but are not limited to, methyl,
cthyl, propyl, 1sopropyl, 1sobutyl, n-butyl, sec-butyl, tert-bu-
tyl, 10spentyl, neopentyl, tert-pentyl, or 1sohexyl. As used
herein, “lower alkyl” refers to carbon chains or groups having
from 1 carbon atom to about 6 carbon atoms.

As used herein, “alkenyl” refers to a carbon chain or group
containing from 2 to 20 carbons, or 2 to 16 carbons, wherein
the chain contains one or more double bonds. An example
includes, but 1s not limited to, an allyl group. The double bond
of an alkenyl carbon chain or group may be conjugated to
another unsaturated group.
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As used herein, “alkynyl” refers to a carbon chain or group
containing from 2 to 20 carbons, or 2 to 16 carbons, wherein
the chain contains one or more triple bonds. An example
includes, but 1s not limited to, a propargyl group. The triple
bond of an alkynyl carbon chain or group may be conjugated
to another unsaturated group.

Asused herein, “aryl” refers to a monocyclic or multicyclic
aromatic group containing from 6 to about 30 carbon atoms.
Aryl groups include, but are not limited to, fluorenyl, phenyl,
or naphthyl.

Asused herein, “alkaryl” refers to an aryl group substituted
with at least one alkyl, alkenyl, or alkynyl group.

As used herein, “aralkyl” refers to an alkyl, alkenyl, or
alkynyl group substituted with at least one aryl group.

As used herein, “amide” refers to a compound of formula:

O

R )k NR-R;

]

wherein R, -R; are each, independently, hydrogen or hydro-
carbyl.
As used herein, “amine” refers to a compound of formula:

R,—NR,R,

wherein R, -R; are each independently, hydrogen or hydro-
carbyl.

Asused herein, “carbocation’ and “carbenium ion” refer to
a positively charged carbon atom.

As used herein, “carbocation terminated polyolefin” refers
to a polyolefin containing at least one carbocation end group.
Examples include, but are not limited to, compounds of the
formula:

CHj;
®

Polyolefin CHs.

Asused herein, “chain end concentration” refers to the sum
ol the concentrations of olefin end groups, tert-halide end
groups, and carbenium 1ons. When a mono-functional 1nitia-
tor 1s used, the chain end concentration 1s approximately
equal to the mitiator concentration. For a multi-functional
initiator, when the functionality of the initiator equals x, then
the chain end concentration 1s approximately equal to x times
the 1nitiator concentration.

As used herein, “chain transfer agent” refers to a com-
pound which interchanges 1ts halide 10n with a carbenium 1on
to form a new carbenium 10n.

As used herein, “common 10n salt” refers to an 1onic salt
that 1s optionally added to a reaction performed under qua-
siliving carbocationic polymerization conditions to prevent
dissociation of the propagating carbenium 1on and counter-
10N pairs.

As used herein, “common 1on salt precursor” refers to an
ionic salt that 1s optionally added to a reaction performed
under quasiliving carbocationic polymerization conditions,
which generates counter-anions that are 1dentical to those of
the propagating chain ends, via 1n situ reaction with a Lewis
acid.

As used herein, “coupled polyolefin™ refers to the product
of the addition of a carbocation terminated polyolefin to
another polyolefin.
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As used herein, “diluent” refers to a liquid diluting agent or
compound. Diluents may be a single or a mixture of two or
more compounds. Diluents may completely dissolve or par-
tially dissolve the reaction components. Examples include,
but are not limited to, hexane or methyl chloride, or mixtures
thereof.

As used herein, “dihydrocarbylmonosulfide” refers to a
compound of formula:

R,

SR,

wherein R, and R, are each, independently, hydrocarbyl.

As used herein, “electron donor” refers to a molecule that
1s capable of donating a pair of electrons to another molecule.
Examples include, but are not limited to, molecules capable
of complexing with Lewis acids. Further examples include,
but are not limited to, bases and/or nucleophiles. Further
examples include, but are not limited to, molecules capable of
abstracting or removing a proton.

As used herein, “exo-olefin” refers to a compound of the
formula

Polyolefin R

wherein R 1s hydrocarbyl. In one embodiment, R 1s methyl.
As used herein, “halide, “halo,” or “halogen” refer to F, Cl,

Br, or I.

As used herein “hydrocarbyl” refers to a monovalent, lin-
ear, branched or cyclic group which contains only carbon and
hydrogen atoms.

As used herein, “inifer” refers to a compound that acts as
both an 1nitiator and a chain transfer agent.

As used herein, “initiator” refers to a compound that pro-
vides a carbocation. Examples include, but are not limited to,
compounds or polyolefins with one or more tertiary end
groups. An initiator may be mono-functional or multi-func-
tional. As used herein, “mono-functional initiator” refers to
an initiator that provides approximately one stoichiometric
equivalent of carbocation relative to imitiator. As used herein,
“multi-functional 1n1tiator” refers to an initiator that provides
approximately x stoichiometric equivalents of carbocation
relative to iitiator, wherein x represents the functionality of
the 1nitiator. When a mono-functional initiator 1s used, the
chain end concentration 1s approximately equal to the 1nitia-
tor concentration. For a multi-functional initiator, when the
functionality of the initiator equals x, then the chain end
concentration equals X times the 1nitiator concentration.

As used herein, “1onized polyolefin™ refers to a polyolefin
containing at least one carbenium ion. An example includes,
but 1s not limited to, a tert-halide terminated polyolefin that
has been 10on1zed 1nto a cationic polyolefin. A further example
includes, but 1s not limited to, a quasiliving carbocationic
polyolefin. A further example includes, but 1s not limited to,
vinylidene terminated polyolefin that has been 1onized 1into an
ionized polyolefin or quasiliving carbocationic polyolefin. A
turther example 1includes, but 1s not limited to, a polyolefin
containing an olefin that has been 1onized 1nto a quasiliving
carbocationic polyolefin or a cationic polyolefin. A further
example includes, but 1s not limited to, an 1onized polyolefin
derived from an 1nifer.

As used herein, “Lewis acid” refers to a chemical entity
that 1s capable of accepting a pair of electrons.
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As used herein, “monomer” refers to an olefin that 1s
capable of combining with a carbocation to form another
carbocation.

As used herein, “nitroalkane” refers to RNO,, wherein R 1s
alkyl, alkenyl, alkynyl, aryl, alkaryl, or aralkyl.

As used herein, “percent by mole of all products™ refers to
the proportion of the number of moles of a particular product
ol a reaction to the number of moles of all products of the
reaction multiplied by one hundred.

As used herein, “proton acceptor” refers to a compound
capable of abstracting a proton.

As used herein, “pyridine derivative” refers to a compound
of the formula:

wherein R,, R,, R;, R,, and R, are each, independently,
hydrogen or hydrocarbyl; or R, and R,,, or R, and R, or R,
and R ,, or R, and R independently form a fused aliphatic ring
of about 4 to about 7 carbon atoms or a fused aromatic ring of
about 5 to about 7 carbon atoms. When R, R,, R;, R, and R
are each hydrogen, the compound 1s pyridine.

As used herein, “quasiliving carbocationic polymerization
conditions”™ refers to quasiliving polymerization conditions
that allow for the formation of quasiliving carbocationic poly-
olefins.

As used herein, “quasiliving carbocationic polyolefin”
refers to a carbocationic polyolefin that has been formed
under quasiliving polymerization conditions.

As used herein, “quasiliving polymerization” refers to
polymerizations that proceed 1n the absence of irreversible
chain-breaking events. Quasiliving polymerizations proceed
by 1itiation and 1s followed by propagation, wherein propa-
gating (living) species are 1in equilibrium with non-propagat-
ing (non-lving) polymer chains.

As used herein, “quasiliving polymerization conditions”
refers to reaction conditions that allow quasiliving polymer-
1zation to occur.

Asused herein, “quenching” refers to reacting a carbenium
ion with a quenching agent.

As used herein, “quenching agent” refers to a compound
that can, either alone or in combination with another com-
pound, react with a carbenium 1on.

As used herein, “substituted benzene” refers to a com-
pound of the formula:

(R)y

s

AN

wherein R 1s alkyl, alkenyl, alkynyl, aryl, alkaryl, or aralkyl;
and n 1s 1-6. In some embodiments, R 1s lower alkyl. In some
embodiments, R 1s methyl. In some embodiments, n1s 1-4. In
some embodiments, n 1s 1-3.

As used herein “vinylidene end group™ refers to a terminal
olefin moiety which has an exo-olefin configuration.
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As used herein, “vinylidene terminated polyolefin™ refers
to a polyolefin that contains at least one vinylidene end group.
Examples 1include, but are not limited to, compounds of the
following formula:

Polyolefin R

wherein R 1s hydrogen or hydrocarbyl.

As used herein, “tert-halide terminated polyolefin™ refers
to a polyolefin that contains at least one tertiary halide end
group. An example includes, but is not limited to, a compound
of formula:

CH;
X

Polyolefin CHj

wherein X 1s a halogen.

4.2 Methods

Provided herein are methods for preparing a vinylidene
terminated polyolefin comprising:
a. 1onizing a polyolefin 1n the presence of a Lewis acid to
form an 10ni1zed polyolefin;
b. reacting the 1onized polyolefin from step (a) with one or
more dihydrocarbylmonosulfides; and
c. reacting the product of step (b) with one or more proton
acceptor compounds.
In some embodiments, the method i1s represented by the
following scheme:

]_) RI_S_RZ

2) proton acceptor

ionized polyolefin Polyolefin R3

wherein R, and R, are each, independently, hydrocarbyl; and
R, 1s hydrogen or hydrocarbyl.

In some embodiments, the polyolefin prepared by the
methods provided herein contains one vinylidene end group
on the polyolefin chain. In some embodiments, the polyolefin
prepared by the methods provided herein contains more than
one vinylidene end group on the polyolefin chain.

Without being limited to any theory, 1n some embodiments,
the methods described herein appear to proceed by the path-
way shown 1n the following scheme:

proton acceptor

S/@ © _
PIB \  M,Yp
R,
PIB/\< + Ri—S—R,
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wheremn R, and R, are each, independently, hydrocarbyl; M 1s
a metal, transition metal, or metalloid;Y 1s ahalide; and A and
B are each, independently, an integer from 1 to 20. In some
embodiments, M ,Y 5 1s dertved from a Lewis acid described
herein.

4.2.1 Ionized Polyolefins

Ionized polyolefins may be made by any method known to
those of skill 1in the art. Examples include, but are not limited
to, 1onmizing a tert-halide with a Lewis acid; 1onizing a pre-
tormed polyolefin with a Lewis acid; polymerizing an olefin
monomer under quasiliving carbocationic polymerization
conditions; or performing the “inifer” method.

In some embodiments, the 1onized polyolefin 1s a carboca-
tion terminated polyolefin. In some embodiments, the 1onized
polyolefin contains one or more carbocation end groups. In
some embodiments, the 1omzed polyolefin contains one car-
bocation end group. In some embodiments, the 1on1zed poly-
olefin contains two carbocation end groups. In some embodi-
ments, the 1onized polyolefin contains three carbocation end
groups. In some embodiments, the 1onized polyolefin 1s a
polyisobutylene with a cationic end group. In some embodi-
ments, the 1on1zed polyolefin 1s a compound of the following
formula:

H,C CH, OCHz

®
Polyisobutylene \M
CH

(a) Ionmized Polyolefins from Tert-halides

In some embodiments, the 1onized polyolefin 1s derived
from a tert-halide terminated polyolefin. In some embodi-
ments, the 1onized polyolefin 1s derived form a tert-chloride
terminated polyolefin, tert-bromide terminated polyolefin, or
tert-iodide terminated polyolefin. In some embodiments, the
ionized polyolefin 1s derived from a tert-chloride terminated
polyolefin or tert-bromide terminated polyolefin. In some
embodiments, the 1onized polyolefin 1s dertved from a tert-
chloride polyolefin.

Tert-halide terminated polyolefins may be made by any
method known to those of skill in the art.

In some embodiments, the 1omzed polyolefin 1s generated
by contacting a tert-halide terminated polyolefin with a Lewis
acid. In some embodiments, the 1onized polyolefin 1s gener-
ated by contacting a tert-chloride terminated polyolefin, tert-
bromide terminated polyolefin, or tert-iodide terminated
polyolefin with a Lewis acid. In some embodiments, the
ionized polyolefin 1s generated by contacting a tert-chloride
terminated polyolefin with a Lewis acid.

In some embodiments, the tert-halide 1s derived from an
inifer.

(b) Iomized Polyolefins from Preformed Polyolefins

In some embodiments, the 1onized polyolefin 1s derived
from a preformed polyolefin. In some embodiments, such
preformed polyolefin contains one or more double bonds. In
some embodiments, such preformed polyolefin contains one
double bond. In some embodiments, such preformed poly-
olefin 1s a polyisobutylene dertvative. In some embodiments,
such preformed polyolefin contains one or more endo olefins.

In some embodiments, the i1omzed polyolefin 1s generated
by contacting a Lewis acid with a preformed polyolefin. In
some embodiments, the 1omzed polyolefin 1s generated by
contacting a preformed polyolefin containing one or more
double bonds with a Lewis acid. In some embodiments, the
ionized polyolefin 1s generated by contacting a preformed
polyolefin containing one double bond with a Lewis acid. In
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some embodiments, the 1omized polyolefin 1s generated by
contacting a polyisobutylene derivative with a Lewis acid. In
some embodiments, the 1omzed polyolefin 1s generated by
contacting a preformed polyolefin containing one or more
endo olefins with a Lewis acid.

(¢) Ionized Polyolefins from the Inifer Method

In some embodiments, the 1onized polyolefin 1s denived
from an 1nifer using methods known to those of skill 1n the art.
Non-limiting examples of such methods are described in U.S.
Pat. Nos. 4,276,394 and 4,568,732, each of which 1s incorpo-
rated by reference herein. In some embodiments, a monomer
1s reacted with an inifer carrying at least two tertiary halogens
under cationic polymerization conditions. In some embodi-
ments, the inifer 1s a binifer or a trinifer. In some embodi-
ments, the inifer 1s tricumyl chloride, paradicumyl chloride,
or tricumyl bromide.

(d) Ionmized Polyolefins from Olefinic Monomers Under
Quasiliving Carbocationic Polymerization Conditions

In some embodiments, the 1onized polyolefin 1s denived
from olefinic monomers under quasiliving carbocationic con-
ditions. Under such conditions, a quasiliving carbocationic
polyolefin 1s generated. Such conditions may be achieved by
any method known to those of skill in the art. Non-limiting
examples of such methods are described in EP 206756 B1 and
WO 2006/110647 Al, both of which are incorporated by
reference herein.

In some embodiments, a monomer, an 1nitiator, and a
Lewis acid are used. In some embodiments, the 1onized poly-
olefin 1s a quasiliving carbocationic polyisobutylene. In some
embodiments, such quasiliving carbocationic polyolefin 1s a
compound of the following formula:

H:.C CH; OHs

®
Polyisobutylene \)Q/]\
CH

(1) Imitiators

In some embodiments, the 1initiator 1s a compound or poly-
olefin with one or more tertiary end groups. In some embodi-
ments, the initiator has one tertiary end group. In some
embodiments, the initiator has more than one tertiary end
group.

In some embodiments, the mnitiator 1s a compound of for-
mula (X'—CR_R,) R_wherein R _, R, and R _ independently
comprise at least one of alkyl, aromatic, alkyl aromatic
groups, and can be the same or different, and X' 1s an acetate,
ctherate, hydroxyl group, or a halogen. In some embodi-
ments, R, has a valence of n, and n 1s an integer of one to 4. In
some embodiments, R _, R, and R_ are hydrocarbon groups
containing one carbon atom to about 20 carbon atoms. In
some embodiments, R _, R, and R_ are hydrocarbon groups
containing one carbon atom to about 8 carbon atoms. In some
embodiments, X' 1s a halogen. In some embodiments, X' 1s
chloride. In some embodiments, the structure of R , R, and R _
mimics the growing species or monomer. In some embodi-
ments, such structure 1s a 1-phenylethyl derivative for poly-
styrene or a 2,4,4-trimethyl pentyl dertvative for polyisobu-
tylene. In some embodiments, the imtiator 1s a cumyl,
dicumyl or tricumyl halide. In some embodiments, chlorides
are used. In some embodiments, the initiator 1s 2-chloro-2-
phenylpropane, 1.e., cumyl chloride; 1,4-di(2-chloro-2-pro-
pyl)benzene, 1.e., di(cumylchloride); 1,3,5-tr1(2-chloro-2-
propyl)benzene, 1.e., tri(cumylchloride); 2,4,4-trimethyl-2-
chloropentane; 2-acetyl-2-phenylpropane, 1.e., cumyl
acetate; 2-propionyl-2-phenyl propane, 1.e., cumyl propi-
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onate; 2-methoxy-2-phenylpropane, 1.e., cumylmethyl ether;
1,4-di1(2-methoxy-2-propyl)benzene, 1.e., di(cumylmethyl
cther); or 1,3,5-tr1(2-methoxy-2-propyl)benzene, 1.e., tri
(cumylmethyl ether). In some embodiments, the 1mitiator 1s
2-chloro-2.,4,4-trimethyl pentane (1TMPCI1), 1,3-di1(2-chloro-
2-propyl)benzene, 1,3,5 tri(2-chloro-2-propyl)benzene, or
1,3,-di(2-chloro-2-propyl)-5-tert-butylbenzene (bDCC).

In some embodiments, the initiator 1s mono-functional,
bi-functional, or multi-functional. In some embodiments, the
initiator 1s mono-functional. In some embodiments, the 1ni-
tiator 1s 2-chloro-2-phenylpropane, 2-acetyl-2-phenylpro-
pane, 2-propionyl-2-phenylpropane, 2-methoxy-2-phenyl-
propane, 2-ethoxy-2-phenylpropane, 2-chloro-2.,4.4-
trimethylpentane, 2-acetyl-2,4.4, -trimethylpentane,
2-propionyl-2.4,4-trimethylpentane, 2-methoxy-2,4,4-trim-
cthylpentane, or 2-ethoxy-2,4,4-trimethylpentane. In some
embodiments, the initiator 1s 2-chloro-2,4,4-trimethylpen-
tane.

In some embodiments, the initiator 1s bi-functional. In
some embodiments, the mitiator 1s 1,3-di(2-chloro-2-propyl)
benzene, 1,3-di1(2-methoxy-2-propyl)benzene, 1,4-d1(2-
chloro-2-propyl)benzene, 1,4-di(2-methoxy-2-propyl)ben-
zene, or S-tert-butyl-1,3,-di(2-chloro-2-propyl)benzene. In
some embodiments, the mitiator 1s 5S-tert-butyl-1,3,-di(2-
chloro-2-propyl )benzene.

In some embodiments, the initiator 1s multi-functional. In
some embodiments, the mitiator 1s 1,3,5-tr1(2-chloro-2-pro-
pyl)benzene or 1,3,5-tr1(2-methoxy-2-propyl)benzene.

(11) Monomers

In some embodiments, the monomer 1s a hydrocarbon
monomer, 1.¢., a compound containing only hydrogen and
carbon atoms, including but not limited to, olefins and diole-
fins, and those having from about 2 to about 20 carbon atoms.

In some embodiments, such compounds have from about 4 to
about 8 carbon atoms.

In some embodiments, the methods described herein can
be employed for the polymerization of such monomers to
produce polymers of different, but uniform molecular
welghts. In some embodiments, such molecular weight 1s
from about 300 to 1n excess of a million g/mol. In some
embodiments, such polymers are low molecular weight liquud
or viscous polymers having a molecular weight of from about
200 to 10,000 g/mol, or solid waxy to plastic, or elastomeric
materials having molecular weights of from about 100,000 to
1,000,000 g/mol, or more.

In some embodiments, the monomer 1s 1sobutylene, sty-
rene, beta pinene, 1soprene, butadiene, or substituted com-
pounds of the preceding types. In some embodiments, the
monomer 1s 1sobutylene, 2-methyl-1-butene, 3-methyl-1-
butene, 4-methyl-1-pentene, or beta-pinene. In some embodi-
ments, the monomer 1s 1sobutylene.

In some embodiments, mixtures ol monomers may be
used.

(111) Lewi1s Acids

In some embodiments, the Lewis acid 1s a non-protic acid.
In some embodiments, the Lewis acid 1s a metal halide or
non-metal halide. In some embodiments, L.ewis acid 1s a
metal halide. In some embodiments, the L.ewis acid 1s a tita-
nium (IV) halide, a zinc (II) halide, a tin (IV) halide, or an
aluminum (III) halide. In some embodiments, the Lewis acid
1s a titantum(IV) halide. In some embodiments, the Lewis
acidis atin (IV) halide. In some embodiments, the Lewis acid
an aluminum (III) halide. In some embodiments, the Lewis
acid 1s titanium tetrabromide or titamium tetrachloride. In
some embodiments, the LLewis acid 1s titanium tetrachloride.
In some embodiments, the Lewis acid 1s zinc chloride. In
some embodiments, the Lewis acid 1s AlBr,. In some embodi-
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ments, the Lewis acid 1s ethyl aluminum dichloride. In some
embodiments the Lewis acid 1s a non-metal halide. In some
embodiments, the Lewis acid 1s an antimony (V1) halide, a
gallium (11I) halide, or a boron (1II) halide. In some embodi-
ments, the Lewis acid 1s boron trichloride. In some embodi-

ments, the Lewis acid 1s a trialkyl aluminum compound. In

some embodiments, the Lewis acid 1s trimethyl aluminum.
In some embodiments, a mixture of two or more Lewis

acids 1s used. In some embodiments, a mixture of two Lewis
acids 1s used. In some embodiments, a mixture of a aluminum
(I11) halide and trialkyl aluminum compound 1s used. In some
embodiments, a stoichiometric ratio of about 1:1 aluminum
(I11) halide to trialkyl aluminum compound 1s used. In some
embodiments, a stoichiometric ratio of 2:1 aluminum (III)
halide to trialkyl aluminum compound 1s used. In some
embodiments, a stoichiometric ratio of 1:2 aluminum (III)
halide to trialkyl aluminum 1s used. In some embodiments,
the stoichiometric ratio of aluminum (III) halide to trialkyl
aluminum 1s greater than 1. In some embodiments, the sto-
ichiometric ratio of aluminum (I1II) halide to trialkyl alumi-
num 1s less than 1. In some embodiments, a mixture of alu-
minum tribromide and trimethyl aluminum 1s used.

In some embodiments, the Lewis acid 1s an alkyl aluminum
halide. In some embodiments, the Lewis acid 1s a methyl
aluminum bromide.

In some embodiments, the Lewis acid 1s added 1in one
aliquot. In some embodiments, the Lewis acid 1s added 1n
more than one aliquot. In some embodiments, the Lewis acid
1s added 1n two aliquots.

(1v) Electron Donors

As 1s understood to one of ordinary skill in the art, some
clectron donors are capable of converting traditional poly-
merization systems into quasiliving polymerization systems.
In some embodiments, the methods described herein are per-
formed 1n the presence of an electron donor. In some embodi-
ments, such electron donor has a different formula than the
one or more proton acceptors used to react with the sulfonium
ion terminated polyolefin (described inira). In some embodi-
ments, such electron donor has the same formula as the one or
more proton acceptors used to react with the sulfonium 1on
terminated polyolefin (described inira). In some embodi-
ments, the electron donor reacts with the sulfonium ion ter-
minated polyolefin to form a vinylidene terminated polyole-
fin.

In some embodiments, the electron donor 1s capable of
complexing with Lewis acids. In some embodiments, the
clectron donor 1s a base and/or nucleophile. In some embodi-
ments, the electron donor 1s capable of abstracting or remov-
ing a proton. In some embodiments, the electron donor 1s an
organic base. In some embodiments, the electron donor 1s an
amide. In some embodiments, the electron donor 1s N,N-
dimethylformamide, N,N-dimethylacetamide, or N,N-di-
cthylacetamide. In some embodiments, the electron donor 1s
a sulfoxide. In some embodiments, the electron donor 1s
dimethyl sulfoxide. In some embodiments, the electron donor
1s an ester. In some embodiments, the electron donor 1s methyl
acetate or ethyl acetate. In some embodiments, the electron
donor 1s a phosphate compound. In some embodiments, the
clectron donor 1s trimethyl phosphate, tributyl phosphate, or
triamide hexamethylphosphate. In some embodiments, the
clectron donor 1s an oxygen-containing metal compound. In
some embodiments, the electron donor 1s tetraisopropyl titan-
ate.
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In some embodiments, the electron donor 1s pyridine or a
pyridine derivative. In some embodiments, the electron donor
1s a compound of formula:

RS\ /N\ R,
/

R R,
R3

wherein R,, R,, R;, R,, and R. are each, independently,
hydrogen or hydrocarbyl; or R, and R, or R, and R;, or R,
and R ,, or R, and R independently form a fused aliphatic ring
of about 3 to about 7 carbon atoms or a fused aromatic ring of
about 5 to about 7 carbon atoms. In some embodiments, R,
and R are each, independently, hydrocarbyl, and R,-R, are
hydrogen.

In some embodiments, the electron donor 1s 2,6-di-tert-
butylpyridine, 2,6-lutidine, 2.4-dimethylpryidine, 2,4,6-trim-
cthylpyridine, 2-methylpynidine, or pyridine. In some
embodiments, the electron donor 1s N,N-dimethylaniline or
N,N-dimethyltoluidine. In some embodiments, the electron
donor 1s 2,6-lutidine.

(v) Common Ion Salts and Ion Salt Precursors

In some embodiments, common 10n salts or salt precursors
may be optionally added to the reaction mixture 1n addition to
or 1n replacement of the electron donor. In some embodi-
ments, such salts may be used to increase the 1onic strength,
suppress iree 1ons, and interact with ligand exchange. In some
embodiments, the common 10n salt precursor 1s tetra-n-buty-
lammonium chloride. In some embodiments, the common 1on
salt precursor 1s tetra-n-butylammonium 1odide In some
embodiments, the concentration of the common 10n salts or
salt precursors in the total reaction mixture may be 1n the
range from about 0.0005 moles per liter to about 0.05 moles
per liter. In some embodiments, the concentration of the com-
mon 10n salts or salt precursors 1s in the range ifrom about
0.0005 moles per liter to about 0.025 moles per liter. In some
embodiments, the concentration of the common 10n salt or
salt precursors 1s 1n the range from about 0.001 moles per liter
to about 0.007 moles per liter.

4.2.2 Reaction with Dihydrocarbylmonosulfide

(a) Dihydrocarbylmonosulfides

In some embodiments, the dihydrocarbylmonosulfide has
the formula:

R,

S—R,

wherein R, and R, are each, independently, hydrocarbyl.

In some embodiments, R, and R, are each, independently,
alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, or cycloalkyl. In
some embodiments, R, and R, are each, independently, alkyl,
alkenyl, alkynyl, aralkyl, or cycloalkyl. In some embodi-
ments, R; and R, are each, independently, alkyl. In some
embodiments, R, and R, independently contain from 1 to 20
carbon atoms.

In some embodiments, the dihydrocarbylmonosulfide 1s
diethylsulfide, dipropylsulfide, diisopropylsuliide, diallylsul-
fide, dusoamylsulfide, di-sec-butyl sulfide, diisopentyl sul-
fide, dimethallylsulfide, methyl tert-octyl sulfide, dinonyl
sulfide, dioctadecyl sulfide, dipentyl sulfide, or di-tert-dode-
cyl sulfide. In some embodiments, the dihydrocarbylmono-
sulfide 1s diethylsulfide, dipropylsulfide, diisopropylsulfide,
diallylsulfide, or duuisoamylsulfide. In some embodiments, the
dihydrocarbylmonosulfide 1s diisopropylsulfide.

(b) Formation of Sulfonium Ion Terminated Polyolefin
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Without being limited to any theory, in some embodiments,
the dihydrocarbylmonosulfide acts as a quenching agent.
Without being limited to any theory, in some embodiments,
the dihydrocarbylmonosulfide reacts with the 1onized poly-
olefin to form a sulfonium 10n terminated polyolefin. Without
being limited to any theory, in some embodiments, such sul-
fonium 1on terminated polyolefin 1s stable. In some embodi-
ments, such sulfomium 1on terminated polyolefin 1s observ-
able by spectroscopy. Without being limited to any theory, in
some embodiments, the sulfontum 10n terminated polyolefin
1s 10n-paired with a Lewis acid derived counterion. Without
being limited to any theory, 1n some embodiments, such coun-
terion 1s a titantum halide. Without being limited to any
theory, in some embodiments, such counterion 1s ~T1,Cl,.
Without being limited to any theory, 1n some embodiments,
the dihydrocarbylmonosulfide 1s regenerated. Without being
limited to any theory, in some embodiments, the reaction
between the dihydrocarbylmonosulfide and 1on1zed polyole-
fin proceeds by the reaction pathway described 1n the follow-
ing scheme:

Ti>Clg

S/ ® & proton acceptor
PIB \ TiCl -
Ry
PIB/\< + Ri—S—R,

wherein R, and R, are each, independently, hydrocarbyl.

4.3 Reaction with Proton Acceptor

Without being limited to any theory, 1n some embodiments,
a proton acceptor reacts with the sulfonium ion terminated
polyolefin. Without being limited to any theory, a proton
acceptor reacts with the sulfonium 1on terminated polyolefin
to form a vinylidene terminated polyolefin. Without being
limited to any theory, in some embodiments, a proton accep-
tor abstracts a proton from the sulfonium ion terminated
polyolefin. Without being limited to any theory, in some
embodiments, the vinylidene-terminated polyolefin 1s the
major product. Without being limited to any theory, the
vinylidene terminated polyolefin 1s the major product, and
polyolefins containing endo-olefins, tert-halide polyolefins,
and coupled polyolefins are the minor products. Without
being limited to any theory, in some embodiments, more than
one proton acceptor reacts with the sulfonium 10n terminated
polyolefin. Without being limited to any theory, in some
embodiments, more than one proton acceptor reacts with the
sulfonium 1on terminated polyolefin to form a vinylidene
terminated polyolefin.

In some embodiments, the proton acceptor has a different
formula than the electron donor described, supra. In some
embodiments, the proton acceptor has the same formula as
the electron donor described, supra.

In some embodiments, the proton acceptor 1s an organic
base. In some embodiments, the proton acceptor 1s an amine.
In some embodiments, the proton acceptor 1s a compound of
formula:

R, NR,R,
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wherein R, R,, and R are each, independently, hydrogen or
hydrocarbyl. In some embodiments, R, 1s hydrocarbyl. In
some embodiments, R, 1s alkyl, alkenyl, alkynyl, cycloalkyl,
alkaryl, aralkyl, or aryl. In some embodiments, one of R, and
R, 1s hydrogen, and the other 1s hydrocarbyl. In some embodi-
ments, R, and R, are the same. In some embodiments, R, and
R, are each, independently, alkyl, alkenyl, alkynyl,
cycloalkyl, aralkyl, alkaryl, or aryl. In some embodiments, R ,
1s hydrocarbyl, and R, and R, are both hydrogen. In some
embodiments, R, 1s hydrocarbyl, and one of R, and R, 1s
hydrogen and the other i1s hydrocarbyl. In some embodi-
ments, R, and R,, together, form a ring of from about 3 to
about 7 carbon atoms. In some embodiments, the proton
acceptor has more than one —NR, R, group.

In some embodiments, the proton acceptor 1s a primary
amine. In some embodiments, the proton acceptor 1s a sec-
ondary amine. In some embodiments, the proton acceptoris a
tertiary amine. In some embodiments, the proton acceptor 1s
dimethyl amine, diethyl amine, dipropyl amine, n-butyl
amine, tert-butyl amine, sec-butyl amine, di-n-butylamine,
aniline, cyclohexylamine, cyclopentyl amine, or tert-amy-
lamine. In some embodiments, the proton acceptor 1s trim-
cthyl amine, triethylamine, tripropyl amine, or tributylamine.
In some embodiments, the proton acceptor 1s n-butylamine,
diethylamine, triethylamine, or tert-amylamine.

In some embodiments, the proton acceptor 1s an alcohol. In
some embodiments, the proton acceptor 1s a compound of
formula:

R—OH

wherein R 1s aliphatic hydrocarbyl, such as alkyl, which may
be substituted, for example, with an aromatic moiety, such as
aralkyl. In some embodiments, the —OH 1s attached to a
primary, secondary, or tertiary carbon. In some embodiments,
the —OH 1s attached to a primary carbon. In some embodi-
ments, the —OH 1s attached to a secondary carbon. In some
embodiments, the —OH 1s attached to a tertiary carbon. In
some embodiments, R 1s alkyl, alkenyl, alkynyl, or aralkyl. In
some embodiments, the proton acceptor has more than one
—QOH group.

In some embodiments, the alcohol 1s methanol, ethanol,
1 -propanol, 1sopropanol, 1-butanol, 2-butanol, tert-butanol,
cyclohexanol, or cyclopentanol. In some embodiments, the
alcohol 1s methanol, ethanol, or 1sopropanol.

In some embodiments, the proton acceptor may be a phenol
or phenol dervative.

4.4 Diluents

In some embodiments of the methods described herein, the
methods are performed 1n a diluent. In some embodiments,
the diluent 1s a single compound or a mixture of two or more
compounds. In some embodiments, the diluent completely
dissolves the reaction components or partially dissolves the
reaction components. In some embodiments, the diluent com-
pletely or nearly completely dissolves the reaction compo-
nents. In some embodiments, the diluent completely dis-
solves the reaction components. In some embodiments, the
diluent nearly completely dissolves the reaction components.

In some embodiments, the diluent has a low boiling point
and/or low freezing point. In some embodiments, the diluent
1s an alkane, an alkyl monohalide, or an alkyl polyhalide. In
some embodiments, the diluent 1s a normal alkane. In some
embodiments, the diluent 1s propane, normal butane, normal
pentane, normal hexane, normal heptane, normal octane, nor-
mal nonane or normal decane. In some embodiments, the
diluent 1s a branched alkane. In some embodiments, the
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alkane 1s 1sobutane, 1sopentane, neopentane, 1schexane,
3-methylpentane, 2.,2-dimethylbutane, or 2,3-dimethylbu-
tane.

In some embodiments, the diluent 1s a halogenated alkane.
In some embodiments, the diluent 1s chloroform, ethylchlo-
ride, n-butyl chloride, methylene chloride, methyl chloride,
1,2-dichloroethane, 1,1,2,2-tetrachloroethane, carbon tetra-
chloride, 1,1-dichloroethane, n-propyl chloride, iso-propyl
chloride, 1,2-dichloropropane, or 1,3-dichloropropane. In
some embodiments, the diluent 1s an alkene or halogenated
alkene. In some embodiments, the diluent 1s vinyl chloride,
1,1-dichloroethene, or 1,2-dichloroethene.

In some embodiments, the diluent 1s a substituted benzene.

In some embodiments, the diluent 1s carbon disulfide, sul-
tur dioxide, acetic anhydride, acetonitrile, benzene, toluene,
cthylbenzene methylcyclohexane, chlorobenzene, or a
nitroalkanes. In some embodiments, the diluent 1s a mixture
of the compounds 1n this paragraph.

In some embodiments, the diluent 1s a mixture of hexane
and methyl chloride. In some embodiments, such mixture 1s
from about 10/90 to about 90/10 hexane/methyl chloride by
volume. In some embodiments, such mixture 1s from about
30/70 to about 70/30 hexane/methyl chloride by volume. In
some embodiments, such mixture 1s from about 50/50 to
about 100/0 hexane/methyl chloride by volume. In some
embodiments, such mixture 1s from about 350/50 to about
70/30 hexane/methyl chloride by volume. In some embodi-
ments, such mixture 1s about 60/40 hexane/methyl chloride
by volume. In some embodiments, such mixture 1s about
50/50 hexane/methyl chloride by volume.

4.5 Temperature

In some embodiments, the methods described herein are
performed at a temperature from about —120° C. to about 0°
C. In some embodiments, the methods described herein are
performed at a temperature from about —110° C. to about
-10° C. In some embodiments, the methods described herein
are performed at a temperature from about —100° C. to about
-20° C. In some embodiments, the methods described herein
are performed at a temperature from about —-90° C. to about
-30° C. In some embodiments, the methods described herein
are performed at a temperature from about —80° C. to about
-40° C. In some embodiments, the methods described herein
are performed at a temperature from about =70° C. to about
-40° C. In some embodiments, the methods described herein
are performed at a temperature from about —-60° C. to about
-40° C. In some embodiments, the methods described herein
are performed at a temperature of —40° C., -45° C., -60° C.,
or —80° C. In some embodiments, the methods described
herein are performed at a temperature of —40° C. In some
embodiments, the methods described herein are performed at
a temperature of —45° C. In some embodiments, the methods
described herein are performed at a temperature of —60° C. In
some embodiments, the methods described herein are per-
formed at a temperature of —80° C.

4.6 Concentrations

In some embodiments, the ratio of the molar concentration
between dihydrocarbylmonosulfides to chain ends 1s from
about 0.2- to about 5. In some embodiments, the ratio of the
molar concentration between dihydrocarbylmonosulfides to
chain ends 1s from about 0.3- to about 5. In some embodi-
ments, the ratio of the molar concentration between dihydro-
carbylmonosulfides to chain ends 1s from about 0.5- to about
2. In some embodiments, the ratio of the molar concentration
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between dihydrocarbylmonosulfides to chain ends 1s from
about 0.7-to about 1.5. In some embodiments, the ratio of the
molar concentration between dihydrocarbylmonosulfides to
chain ends 1s from about 0.9- to about 1.4. In some embodi-
ments, the ratio of the molar concentration between dihydro-
carbylmonosulfides to chain ends 1s from about 1.0- to about
1.2. In some embodiments, the ratio of the molar concentra-
tion between dihydrocarbylmonosulfides to chain ends 1s

about 1.0.

The chain end concentration of the methods described
herein are not limited by the disclosed examples. The chain
end concentration for the methods described herein appears
to have no upper limit, and the methods described herein may
be performed at any chain end concentration. In some
embodiments, the electron donor concentration 1s less than
half the concentration of Lewis acid. In some embodiments,
the electron donor concentration 1s less than 0.4 times the
Lewis acid concentration. In some embodiments, the electron
donor concentration 1s less than 0.3 times the Lewis acid
concentration. In some embodiments, the electron donor con-
centration 1s less than 0.2 times the Lewis acid concentration.

In some embodiments, the electron donor concentration 1s
less than 0.1 times the Lewis acid concentration.

In some embodiments, the chain end concentration 1s less
than 0.010 M. In some embodiments, the chain end concen-
tration 1s less than 0.050 M. In some embodiments, the chain
end concentration 1s less than 0.10 M. In some embodiments,
the chain end concentration 1s less than 0.5 M. In some
embodiments, the chain end concentration 1s less than 1.0 M.
In some embodiments, the chain end concentration 1s greater

than 0.001 M.

4.7 Exo-Selectivity

In some embodiments, the methods described herein selec-
tively provide vinylidene terminated polyolefins. In some
embodiments, vinylidene terminated polyolefin, polyolefins
containing endo olefins, tert-halide polyolefins, and coupled
polyolefins are reaction products. In some embodiments, the
vinylidene terminated polyolefin 1s the major product, and
polyolefins containing endo olefins, tert-halide polyolefins,
and coupled polyolefins are the minor products.

In some embodiments, the vinylidene terminated polyole-
fin formed 1s at least 40 percent by mole of all products. In
some embodiments, the vinylidene terminated polyolefin
formed 1s at least 50 percent by mole of all products. In some
embodiments, the vinylidene terminated polyolefin formed 1s
at least 60 percent by mole of all products. In some embodi-
ments, the vinylidene terminated polvolefin formed 1s at least
70 percent by mole of all products. In some embodiments, the
vinylidene terminated polyolefin formed is at least 80 percent
by mole of all products. In some embodiments, the vinylidene
terminated polyolefin formed 1s at least 85 percent by mole of
all products. In some embodiments, the vinylidene termi-
nated polyolefin formed 1s at least 90 percent by mole of all
products. In some embodiments, the vinylidene terminated

polyolefin formed 1s at least 94 percent by mole of all prod-
ucts.

J. EXAMPLES

Certain embodiments provided herein are illustrated by the
tollowing non-limiting examples. Unless expressly stated 1n
the contrary, all temperatures and temperatures ranges refer to
the Centigrade system and the term “ambient” or “room tem-
perature” refers to about 20 to 25° C.
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5.1°

Examples 1-5

A Tfour-neck 250 milliliter round-bottom flask was
equipped with an overhead mechanical stirrer and platinum
resistance thermometer. This assembly was immersed into a
heptane bath at —60° C. under dry nitrogen gas 1n a substan-
tially mnert atmosphere glovebox. The flask was then charged

with the following reactants: 108 milliliters hexane equili-
brated at —60° C.,

72 milliliters methylchloride equilibrated at —60° C.,

0.48 mulliliters 2-chloro-2,4,4-trimethylpentane equili-
brated at room temperature,

0.23 malliliters 2,6-dimethylpyridine equilibrated at room
temperature, and

6.4 malliliters of 1sobutylene equilibrated at —60° C.

Then, the contents of the round-bottom flask were equili-
brated at —60° C.

With continued stirring, next 0.87 milliliters titanium tet-
rachloride was charged to the flask. The reaction was allowed
to proceed 12 minutes and then 20 milliliters of the polymer-
1zation solution was charged to seven 60 milliliter test tubes,
equipped with threaded caps, immersed 1n the heptane bath
maintained at —60° C.

The polymerization was allowed to continue 1n each test
tube for 13 additional minutes (25 total reaction minutes) at
which point 1 of the 7 tubes was terminated with 5 mailliliters
of methanol to provide a comparative example prior to addi-
tion of diethyldisulfide. Immediately after completing the
comparative example, 0.52 g of diethylsulfide was added to
one of the remaining test tubes containing a reactive polymer-
1zation, while other sulfide quenching agents were added to 4
of the remaining test tubes. The diethylsulfide quenching
reaction (and other quenching reactions) was allowed to pro-
ceed 30 minutes at which time 5 milliliters of methanol was
charged 1n order to terminate the quenching reaction. The
final polymerization test tube was then terminated with 5
milliliters of methanol to provide a final comparative example
(Control A). Non-quencher-containing reactions were used to
provide a comparative baseline for the quenching reactions
and to provide references for structural and molecular weight
characterization in the absence of a quenching agent. The
reactant quantities for Examples 1-5 and Control A are listed
in Table 1. Results are shown in Table 111 (infra).

TABLE ]

Example Sulfide Sulfide(g)

1 diethylsulfide 0.052

2 dipropylsulfide 0.069

3 dusopropylsulfide 0.069

4 diallylsulfide 0.066

5 diisoamylsulfide 0.101
Control A None 0

Examples 6-11

Preparation of Polyisobutylene Using a
Mono-Functional Initiator, Dusopropylsulfide and
Different Reaction Terminators

A Tfour-neck 250 milliliter round-bottom flask was
equipped with an overhead mechanical stirrer and platinum
resistance thermometer. This assembly was immersed nto a
heptane bath at —60° C. under dry nitrogen gas 1n a substan-
tially inert atmosphere glovebox. The flask was then charged
with the following reactants:
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165.2 malliliters hexane equilibrated at —-60° C.,
110.1 milliliters methylchloride equilibrated at —60° C.,
1.06 muilliliters 2-chloro-2,4.4-trimethylpentane equili-
brated at room temperature,

0.35 malliliters 2,6-dimethylpyridine equilibrated at room
temperature, and

19.9 milliliters of 1sobutylene equilibrated at —60° C.

Then, the contents of the round-bottom flask were equili-
brated at —60° C.

With continued stirring, next 3.42 milliliters titanium tet-
rachloride was charged to the flask. The reaction was allowed
to proceed 17 minutes and then 1.36 malliliters of diisopro-
pylsulfide was charged to the reaction. After 30 seconds, 35
milliliters of the polymernization solution was charged to six
60 milliliter test tubes, equipped with threaded caps,
immersed 1n the heptane bath maintained at —60° C.

The quenching reactions were allowed to react for 17 min-
utes, at which time the proton acceptors were charged indi-
vidually to each tube. Three minutes were required to com-
plete the termination of all reactions.

The reactant quantities for Examples 6-11 are listed in
Table II. Results are shown 1n Table III (infra).

TABLE Il
Proton Acceptor

Example Proton Acceptor (ml)
6 Methanol 1.76

7 Ethanol 2.55

8 Isopropanol 3.34

9 Diethylamine 3.99

10 n-butylamine 4.53

11 Tert-amylamine 5.10

5.2 Example 12

Preparation of Polyisobutylene Using a
Mono-Functional Initiator, Dusopropylsulfide

A four-neck 250 milliliter round-bottom flask was
equipped with an overhead mechanical stirrer and platinum
resistance thermometer. This assembly was immersed nto a
heptane bath at —60° C. under dry nitrogen gas 1n a substan-
tially inert atmosphere glovebox. The flask was then charged
with the following reactants:

85.2 milliliters hexane equilibrated at —-60° C.,
78.6 milliliters methylchloride equilibrated at —60° C.,

1.75 g 2-chloro-2,4,4-trimethylpentane equilibrated at
room temperature,

0.23 malliliters 2,6-dimethylpyridine equilibrated at room
temperature, and

32.7 malliliters of 1sobutylene equilibrated at —-60° C.

Then, the contents of the round-bottom flask were equili-
brated at —60° C.

With continued stirring, next 1.29 milliliters titanium tet-
rachloride was charged to the flask. The reaction was allowed
to proceed 29 minutes at which time a 2 ml aliquot was
removed from the reactor and charged to a vial containing 3
ml prechilled methanol to provide a comparative example
prior to the addition of the sulfide. Then 1.69 ml of diisopro-
pylsulfide was charged to the reaction. After 5 minutes, 4.5 ml
of T1Cl, was charged to the reactor. The mixture was stirred
for 10 minutes at which time 30.52 ml of pre-chilled n-buty-
lamine was charged to the reactor slowly over a 5 minute

10

15

20

25

30

35

40

45

50

55

60

65

18

period. Finally, 25 ml pre-chilled methanol was charged to the
reactor 5 minutes after the addition of n-butylamine. Results
are shown 1n Table III (infra).

5.3 Example 13

Preparation of Polyisobutylene Using a
Mono-Functional Initiator, Diisopropylsulfide

A four-neck 2350 milliliter round-bottom flask was
equipped with an overhead mechanical stirrer and platinum
resistance thermometer. This assembly was immersed nto a
heptane bath at —40° C. under dry nitrogen gas 1n a substan-
tially mnert atmosphere glovebox. The flask was then charged
with the following reactants:

83.4 mlliliters hexane equilibrated at —-40° C.,

78.1 milliliters methylchloride equilibrated at —40° C.,

1.75 g 2-chloro-2,4,4-tnmethylpentane equilibrated at
room temperature,

0.23 malliliters 2,6-dimethylpyridine equilibrated at room
temperature, and

33.8 milliliters of 1sobutylene equilibrated at —40° C.

Then, the contents of the round-bottom flask were equili-
brated at —40° C.

With continued stirring, next 2.58 milliliters titanium tet-
rachloride was charged to the flask. The reaction was allowed
to proceed 20 minutes at which time a 2 ml aliquot was
removed from the reactor and charged to a vial containing 5
ml prechilled methanol to provide a comparative example
prior to the addition of the sulfide. Then 1.69 ml of diisopro-
pylsulfide was charged to the reaction. After 5 minutes, 1.13
ml of TiCl, was charged to the reactor. The mixture was
stirred for 10 minutes at which time 29.65 ml of pre-chilled
n-butylamine was charged to the reactor slowly over a 5
minute period. Finally, 25 ml pre-chilled methanol was
charged to the reactor 5 minutes after the addition of n-buty-
lamine. Results are shown 1n Table III (infra).

5.4 Example 14

Preparation of Polyisobutylene Using a
Mono-Functional Initiator, Diisopropylsulfide

A four-neck 2350 milliliter round-bottom flask was
equipped with an overhead mechanical stirrer and platinum
resistance thermometer. This assembly was immersed nto a
heptane bath at —80° C. under dry nitrogen gas 1n a substan-
tially mnert atmosphere glovebox. The flask was then charged
with the following reactants:

87.0 milliliters hexane equilibrated at —-80° C.,

79.1 milliliters methylchloride equilibrated at —80° C.,

1.75 g 2-chloro-2,4.,4-trimethylpentane equilibrated at
room temperature,

0.12 malliliters 2,6-dimethylpyridine equilibrated at room
temperature, and

31.6 milliliters of 1sobutylene equilibrated at —80° C.

Then, the contents of the round-bottom flask were equili-
brated at —80° C.

With continued stirring, next 0.26 milliliters titanium tet-
rachloride was charged to the flask. The reaction was allowed
to proceed 45 minutes at which time a 2 ml aliquot was
removed from the reactor and charged to a vial containing 5
ml prechilled methanol to provide a comparative example
prior to the addition of the sulfide. Then 1.69 ml of di1sopro-
pylsulfide was charged to the reaction. After 5 minutes, 3.2 ml
of T1Cl, was charged to the reactor. The mixture was stirred
for 10 minutes at which time 25.4 ml of pre-chilled n-buty-
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lamine was charged to the reactor slowly over a 5 minute
period. Finally, 25 ml pre-chilled methanol was charged to the
reactor 5 minutes after the addition of n-butylamine. Results
are shown 1n Table III (infra).

5.5 Example 15

Preparation of Polyisobutylene Using a
Mono-Functional Initiator, Dusopropylsulfide

A Tour-neck 2350 mulliliter round-bottom flask was
equipped with an overhead mechanical stirrer and platinum
resistance thermometer. This assembly was immersed nto a
heptane bath at —45° C. under dry nitrogen gas 1n a substan-
tially inert atmosphere glovebox. The flask was then charged
with the following reactants:

84.7 milliliters hexane equilibrated at —45° C.,

78.8 milliliters methylchloride equilibrated at —45° C.,

1.75 g 2-chloro-2,4,4-trimethylpentane equilibrated at
room temperature,

0.092 milliliters 2,6-dimethylpyridine equilibrated at room
temperature, and

33.5 malliliters of 1sobutylene equilibrated at —45° C.

Then, the contents of the round-bottom flask were equili-
brated at —45° C.

With continued stirring, next 0.97 milliliters titanium tet-
rachloride was charged to the flask. The reaction was allowed
to proceed 50 minutes at which time a 2 ml aliquot was
removed from the reactor and charged to a vial containing 5
ml prechilled methanol to provide a comparative example
prior to the addition of the sulfide. Then 1.64 ml of diisopro-
pylsulfide was charged to the reaction. After 20 minutes, 1.5
ml of TiCl, was charged to the reactor. The mixture was
stirred for 10 minutes at which time 20.3 ml of pre-chilled
n-butylamine was charged to the reactor slowly over a 3
minute period. Finally, 25 ml pre-chilled methanol was
charged to the reactor 5 minutes aiter the addition of n-buty-
lamine. Results are shown 1n Table III (infra).

5.6 Example 16

Preparation of Polyisobutylene Using a
Mono-Functional Initiator, Dusopropylsulfide

A Tfour-neck 250 mulliliter round-bottom {flask was
equipped with an overhead mechanical stirrer and platinum
resistance thermometer. This assembly was immersed into a
heptane bath at —45° C. under dry nitrogen gas 1n a substan-
tially inert atmosphere glovebox. The flask was then charged
with the following reactants:

75.2 malliliters hexane equilibrated at —-435° C.,

70.2 malliliters methylchloride equilibrated at —45° C.,

3.24 g 2-chloro-2,4,4-trimethylpentane equilibrated at
room temperature,

0.13 g tetrabutylammonium chloride,

0.094 milliliters 2,6-dimethylpyridine equilibrated at room

temperature, and
30.1 malliliters of 1sobutylene equilibrated at —45° C.

Then, the contents of the round-bottom flask were equili-
brated at —45° C.
With continued stirring, next 0.6 milliliters titanium tetra-

chloride was charged to the flask. The reaction was allowed to
proceed 55 minutes at which time a 2 ml aliquot was removed
from the reactor and charged to a vial containing 5 ml pre-

chulled methanol to provide a comparative example prior to
the addition of the sulfide. Then 3.29 ml of duiisopropylsulfide
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was charged to the reaction. After 1 minute, 3.88 ml of T1Cl,
was charged to the reactor. The mixture was stirred for 5
minutes at which time 13 ml of pre-chilled n-butylamine was
charged to the reactor slowly over a 5 minute period. Finally,
10 ml pre-chilled methanol was charged to the reactor 5
minutes after the addition of n-butylamine. Results are shown

in Table III (1nira).

5.7 Procedure for Collecting 'H NMR Data

"H NMR spectra were collected using a Varian (300 MHz)
spectrophotometer using samples concentrations of 3 percent
to 5 percent (weight/weight) in CDC1,. "H NMR spectra were
used for analysis of the end groups. Fractions of exo-olefin,
endo-olefin, tert-chloride and coupled olefin chain ends were
obtained using 'H NMR integration as described in a subse-
quent section.

5.7.1 Procedure for Calculating the Fractional Amounts of
Chain Ends on the Polyisobutylene Product

The fractions of exo-olefin, endo-olefin, and tert-chloride
chain ends, and coupled products in the polyisobutylene
samples were quantified using 'H NMR integration. It was
assumed that these four species represent 100 percent of the
chain ends. In some instances coupled products were deemed
to be absent by qualitative inspection of the "H NMR spec-
trum, and by confirming the absence of a shoulder on the low
clution volume side of the main polymer peak 1in the GPC
chromatogram. Two procedures are given below. The “Gen-
eral Procedure” was used when coupled product was
detected; the “Special Procedure™ was used when coupled
product was deemed to be absent.

(a) General Procedure

The fractional molar amount of each type of chain end was
obtained using an equation analogous to the equation given
below for determining the fractional amount of exo-olefin,

(1)

F(ex0)=(4 o)/ (A oot 4
where A

+A4 teri-Cl +24

endo cotip! ed')

1s the area of the single olefinic resonance at 5.15

endo
ppm, A ___ 1s the area of the exo-olefinic resonance 4.63 ppm,
and A, ., was calculated as follows:

(2)

where A, (-, - 15 the integrated area of the convoluted peaks
associated with the gem-dimethyl protons of the endo-olefin
and the tert-chloride chain ends. It will be noted that a co-
cificient of 2 appears 1n equation (1) for coupled product, to
account for the fact that creation of these products consumes
2 polyisobutylene chains. A_ , .., was calculated as follows:

(3)

where A; ,_, -< 15 the mtegrated area of the convoluted peaks
associated with one of the exo-olefin protons and the two
identical protons of the coupled product, and where A, ., -
1s the integrated area of the peak associated with the other
exo-olefin proton.

(b) Special Procedure

In the qualitative absence of coupled product, the fractional
molar amount of each type of chain end was obtained using an
equation analogous to the equation given below for determin-
ing the fractional amount of exo-olefin,

Avere-ciA165.1.72/0)~A4 cpao

Acouﬁfe.:f: (As0.4.75~A454.75)/2

F(ﬂXG) :(A Exa)/(Aexo-l_Aenda-l-A teri- Cf)

where A_ . 1sthe area of the single olefinic resonance at 5.15
ppm, A___ 1s the average area of the two exo-olefinic reso-
nances at 4.63 and 4.85 parts per million, and A,_ . -, was
calculated 1n the same manner as described i1n the “General
Procedure”.

(1)
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Tert-Cl Coupled

Terminator/ Exo- Endo-
Proton Olefin Olefin (mole
Ex. Sulfide Acceptor (mole %) (mole %) %)
1 diethylsulfide Methanol 39 6 50
2 dipropylsulfide Methanol 24 4 69
3 dusopropylsulfide Methanol 94 2 1
4 diallylsulfide Methanol 43 5 45
5 dusoamylsulfide  Methanol 28 3 67
A  none Methanol 4 1 94
6 dusopropylsulfide Methanol 8% 3 1
7 dusopropylsulfide Ethanol 90 3 3
8 dusopropylsulfide Isopropanol 91 3 3
9 dusopropylsulfide Diethylamine 90 3 4
10 dusopropylsulfide n-butylamine 88 3 5
11  dusopropylsulfide Tert- 93 3 1
amylamine
12 dusopropylsulfide n-butylamine 90 4 2
13 dusopropylsulfide n-butylamine 73 12 13
14  dusopropylsulfide n-butylamine 79 <2 <1
15 dusopropylsulfide n-butylamine 73 7 19
16  dusopropylsulfide n-butylamine 8% 4 6

The embodiments and examples described above are
intended to be merely exemplary, and such examples and
embodiments are non-limiting. One of ordinary skill in the art
will recognize, or will be able to ascertain using no more than
routine experimentation, modifications of the embodiments
and examples described herein. Such modifications are con-
sidered to be within the scope of the claimed subject matter
and are encompassed by the appended claims.

What 1s claimed 1s:
1. A method for preparing a vinylidene terminated poly-
olefin comprising:

(a) generating an 1onized polyolefin 1n the presence of a
[Lewis acid:

(b) reacting the 10n1zed polyolefin from step (a) with one or
more dihydrocarbylmonosulfides having the following
formula:

R,—S—R,

wherein R, and R, are each, independently, hydrocarbyl,
wherein the dihydrocarbylmonosulfides are added to
the polymer after polymerization has occurred; and

(c¢) reacting the product of step (b) with one or more proton

acceptor compounds;
wherein a vinylidene terminated polyolefin 1s formed and
the vinylidene terminated polyolefin formed i1s at least
40 percent by mole of all products;

wherein the method 1s performed at a temperature from
about —120° C. to about 0° C.

2. The method of claim 1, wherein R, and R, are each,
independently, alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl,
or cycloalkyl.

3. The method of claim 1, wherein the one or more dihy-
drocarbylmonosulfides are diethylsulfide, dipropylsulfide,
duisopropylsulfide, diallylsulfide, or duisoamylsulfide.

4. The method of claim 1, wherein the one or more dihy-
drocarbylmonosulfides are diisopropylsuliide.

5. The method of claim 1, wherein one dihydrocarbyl-
monosulfide 1s used.

6. The method of claim 1, wherein the proton acceptor 1s an
alcohol or amine.

7. The method of claim 1, wherein the proton acceptor 1s an
alcohol.
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4 0.0
<2 0.0
19 0.0
<1 0.0
<2 0.0

8. The method of claim 1, wherein the proton acceptor 1s
methanol, ethanol, or 1sopropanol.

9. The method of claim 1, wherein the 1onized polyolefin
generated 1n step (a) 1s a quasiliving carbocationic polyolefin
and the method 1s performed under quasiliving polymeriza-
tion conditions.

10. The method of claim 9, wherein the quasiliving car-
bocationic polyolefin 1s prepared by adding a Lewis acid and
a monomer to an initiator 1n the presence of an electron donor,
common 1on salt, or common 10n salt precursor.

11. The method of claim 10, wherein the Lewis acid 1s a
titamium tetrahalide, a boron trihalide, aluminum trichloride,
tin tetrachloride, zinc chloride, or ethyl aluminum dichloride,
or a mixture mixtures thereof.

12. The method of claim 10, wherein the Lewis acid 1s a
titanium tetrahalide.

13. The method of claim 10, wherein the Lewis acid 1s
titanium tetrachloride.

14. The method of claim 10, wherein a mixture of Lewis
acids 1s used.

15. The method of claim 10, wherein the 1nitiator 1s mono-
functional.

16. The method of claim 10, wherein the initiator 1is
2-chloro-2-phenylpropane, 2-acetyl-2-phenylpropane,
2-propionyl-2-phenylpropane, 2-methoxy-2-phenylpropane,
2-ethoxy-2-phenylpropane,  2-chloro-2.,4,4-trimethylpen-
tane, 2-acetyl-2,4,4-trimethylpentane, 2-propionyl-2,4,4-tri-
methylpentane,  2-methoxy-2,4,4-trimethylpentane, or
2-ethoxy-2,4,4-trimethylpentane.

17. The method of claim 10, wherein the initiator i1s
2-chloro-2.,4,4-trimethylpentane.

18. The method of claim 10, wherein the quasiliving car-
bocationic polyolefin 1s prepared from more than one mono-
mer.

19. The method of claim 10, wherein the monomer 1s
1sobutylene, 2-methyl-1-butene, 3-methyl-1-butene, or 4-me-
thyl-1-pentene.

20. The method of claim 10, wherein the monomer 1s
1sobutylene.

21. The method of claim 10, wherein the electron donor 1s
a compound of the formula:
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RS\ /N\ R,
/

R R,
R3

wherein R, R,, R;, R,, and R are each, independently,
hydrogen or hydrocarbyl; or R, and R,,, or R, and R, or
R; and R,, or R, and R independently form a fused
aliphatic ring of about 3 to about 7 carbon atoms or a
fused aromatic ring of about 5 to about 7 carbon atoms.

22. The method of claim 10, wherein the common 10n salt
precursor 1s tetra-n-butylammonium chloride or tetra-n-buty-
lammonium 1odide.

23. The method of claim 1, wherein the method 1s per-
formed 1n the presence of pyridine or a pyridine derivative.

24. The method of claim 23, wherein the pyridine deriva-
tive 1s 2,6-lutidine.

25. The method of claim 1, wherein the method 1s per-
formed 1n the presence of an amide.

26. The method of claim 25, wherein the amide 1s dimeth-
ylformamide.

27. The method of claim 1, wherein the method 1s per-
formed 1n the presence of a common 10n salt or common 10n
salt precursor.

28. The method of claim 27, wherein the common 10n salt
precursor 1s tetrabutylammonium chloride or tetrabutylam-
monium 1odide.

29. The method of claim 1, wherein the method 1s per-
formed at a temperature from about —-60° C. to about —40° C.

30. The method of claim 1, wherein the one or more dihy-
drocarbylmonosulfides are present at a concentration of from
about 0.5 to about 3 times chain end concentration.

31. The method of claim 1, wherein the one or more dihy-
drocarbylmonosulfides are present at a concentration from
about 1 to about 1.2 times chain end concentration.
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32. The method of claim 1, wherein a diluent 1s used.

33. The method of claim 32, wherein the diluent 1s a mix-
ture of two or more compounds.

34. The method of claim 32, wherein the diluent 1s a mix-
ture of methyl chloride and hexane.

35. The method of claim 34, wherein the mixture 1s from
about 10/90 to about 90/10 hexane/methyl chloride by vol-
ume.

36. The method of claim 1, wherein the vinylidene termi-
nated polyolefin formed 1s at least 60 percent by mole of all
products.

37. The method of claim 1, wherein the vinylidene termi-
nated polyolefin formed 1s at least 70 percent by mole of all
products.

38. The method of claim 1, wherein the vinylidene termi-
nated polyolefin formed 1s at least 80 percent by mole of all
products.

39. The method of claim 1, wherein the vinylidene termi-
nated polyolefin formed 1s at least 85 percent by mole of all
products.

40. The method of claim 1, wherein the vinylidene termi-
nated polyolefin formed 1s at least 90 percent by mole of all
products.

41. The method of claim 1, wherein the vinylidene termi-
nated polyolefin formed 1s at least 94 percent by mole of all
products.

42. The method of claim 10, wherein the vinylidene termi-
nated polymer formed 1s at least 70 percent by mole of all
products.

43. The method of claim 10, wherein the vinylidene termi-
nated polyolefin formed 1s at least 85 percent by mole of all
products.

44. The method of claim 1, wherein the ratio of the molar
concentration of dihydrocarbylmonosulfide to the molar con-
centration of chain ends of the ionized polyolefin 1s from
about 1.0 to about 1.2.
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